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Available online 13 May 2016AbstractHalf-Heusler alloys are an exciting class of thermoelectric materials that have shown great improvements in the thermoelectric figure of
merit, ZT, during the past 15 years. Many of the key discoveries in half-Heusler alloys have been brought forth by fundamental understandings
gained from first-principles investigations. Several methods in particular have recently been used to great effect. Density functional theory
provides a framework in which band structure predictions, phase diagrams enabled by cluster expansion methods, and the phase stability of
unknown compounds can be calculated. Recent theoretical work, which has led to significant discoveries, has proven half-Heusler alloys to be a
versatile and promising class of thermoelectric materials.
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converting waste heat into electricity. TE power generation is a
solid state conversion process that is extremely reliable,
compact, and lightweight. Applications of TE power genera-
tors, including industrial processing, automobile exhaust heat,* Corresponding author.
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creativecommons.org/licenses/by-nc-nd/4.0/).version efficiencies and low cost [1]. The TE dimensionless
figure of merit, ZT, is an indicator of the efficiency of the
material at generating power from heat, and is given by
ZT ¼ a2sT/k, where a is the Seebeck coefficient, s is the
electrical conductivity, T is the absolute temperature, and k is
the thermal conductivity of the material. In the search for new
methods of boosting the efficiency of TE materials, first
principles calculations have served an invaluable role in both
predicting new materials properties, as well as providing a
theoretical basis for observed phenomena. In this regard,
density functional theory (DFT) serves as the backbone ofer B.V. This is an open access article under the CC BY-NC-ND license (http://
105A. Page et al. / J Materiomics 2 (2016) 104e113many successful ab initio techniques that model material
properties.
Half-Heusler (HH) alloys, among other semiconducting
materials, have recently shown a great promise as thermo-
electric materials. HH alloys are made of inexpensive, light
weight, and environmentally friendly elements. They are
resistant to high temperatures and have intrinsically high
power factors, PF, where PF ¼ a2s. However, the ZT of HH
alloys is limited by their large thermal conductivity [2e5]. HH
alloys have a general composition of XYZ, where X and Y are
transition metals, and Z is a main group element. HH alloys
take the form of the MgAgAs structure type, space group F-
43m, and the structure is made up of 4 distinct face-centered
cubic (fcc) sublattices [6], as shown in Fig. 1(a). The Z
atom is located at (0, 0, 0), the Y atom at (¼, ¼, ¼), and the X
atom at (½, ½, ½). The fourth fcc sublattice located at (¾, ¾,
¾) remains vacant. The half-Heusler structure is closely
related to that of the Heusler structure, sometimes referred to
as the full-Heusler (FH) structure, which is generally metallic.
The FH structure can be made by simply filling the vacant
sublattice with Y atoms, making a composition of XY2Z, as
shown in Fig. 1(b), where the two sublattices, Y1 and Y2, are
symmetrically equivalent.
A large amount of thermoelectrics research has focused on
half-Heusler alloys with a composition of MNiSn and MCoSb,
where M¼ (Ti, Zr, Hf) [2e6]. However, recently, other HH
alloys, such as (V, Nb) FeSb, and even a full-Heusler alloy,
VFe2Al, have come into view as potential candidates for
thermoelectric devices [7e15]. This brief review will only
cover a small fraction of the explored materials and the
theoretical techniques that have been used to calculate their
properties. For more in depth reviews, see some corresponding
references [16e19]. Here, we will discuss three theoretical
techniques and how they pertain to HH thermoelectrics. In
Section 2, we describe how basic band structure calculations
are used to understand the fundamental properties of HH
thermoelectric materials. In Section 3, the cluster expansion
method, which is rising in popularity, is examined for its
ability to predict temperature-composition phase diagrams ofFig. 1. (a) The crystal structure of half-Heusler and (b) full-Heusler alloys. Half-He
vacancies are filled in with a second atom (Y2-site), making the composition XY2important HH systems. In Section 4, we discuss a technique
that uses first-principles methods to predict the stability of
unknown HH phases with respect to competing binary and
ternary phases with stunning accuracy.
2. Understanding the electronic structure of half-Heusler
alloys
First-principles calculations have served an integral role in
understanding the basic principles of thermoelectric half-
Heusler alloys from an early stage. In 1994, €Ogu¨t and Rabe
[20] explored the stability of MNiSn (M ¼ Ti, Zr, Hf) alloys.
DFT methods were used to calculate the band structures.
MNiSn compounds were found to be semiconductors, in
agreement with experimental work [4]. The theoretical
bandgaps of about 0.5 eV were found to be indirect between
the G- and X-points in the fcc Brillouin zone. Fig. 2 shows the
band structures of ZrNiSn and ZrNi2Sn, where ZrNiSn has a
band gap of 0.48 eV and the full-Heusler ZrNi2Sn is metallic
without a bandgap.
Later, it was shown that the electronic structure of HH al-
loys depends heavily on the valence electron count [21e23].
Kandpal et al. [24] explored this concept in terms of bonding.
Using linear muffin tin orbitals (LMTO) in band structure
calculations, they visualized the charge density of a unit cell in
order to understand the degree of bonding between atoms. The
calculations showed that in almost all 8- and 18-valence HH
alloys, the structure can be thought of as a covalently bonded
Zinc-blend structure between the Y and Z atoms. The Xnþ ion
then fills the (YZ)n Zinc-blend sublattice (see Fig. 1), where
bonds are drawn between the Y and Z atoms. Calculations
were done on the p-type TiCoSb compound, and the charge
density shows evidence of covalent bonding in the form of
charge density surfaces located at the midpoint of the CoeSb
tetrahedral bonds. By simply studying the band structure, and
subsequently the localized charge density, Kandpal et al.
developed a rule that HH alloys with total valence electron
counts of 8 and 18 form semiconductors, whereas compoundsusler alloys have composition XYZ, whereas in the full-Heusler structure, the
Z.
Fig. 2. (a) Calculated band structure of ZrNiSnand (b) ZrNi2Sn. Band energy is relative to the VBM. Calculated by the authors, unpublished.
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ferromagnets [24].
More recently, studies of the band structure of MFeSb,
where M¼ (V, Nb), have led to insights into how to improve
their thermoelectric efficiency. MFeSb compounds are HH
alloys with 18 valence electrons. It was shown that while these
materials have high powerfactors, they also have a high ther-
mal conductivity, on the order of ~10 Wm1K1 at room
temperature. The resultant maximum ZT of less than 0.3
[7e9], does not make MFeSb as attractive as other n-type HH
alloys for high-temperature power generation. However,
calculated band structures revealed that the MFeSb com-
pounds could be more effective as p-type materials because
the valence band maxima are located at the L-point, rather
than at the G-point [8e10]. The L-point of the fcc Brillouin
zone is 8-fold degenerate. A high valence band degeneracy,
Nv ¼ 8, is beneficial for thermoelectric performance as the
density of states effective mass, m*, depends on the band
effective mass, m*b, following m
* ¼ N2=3v m*b. A large m* is
desired for good thermoelectric materials; however, having a
large m*b can decrease the mobility of the charge carriers,
hurting the electrical conductivity. Increasing Nv is thus an
effective way to improve a material's TE properties without
detrimental side effects [11]. In accordance with this concept,
compounds of (V1xNbx)1yTiyFeSb, were synthesized, where
Ti acts as a p-type dopant. The isoelectronic substitution of Nb
for V was done in an effort to reduce the thermal conductivity.
This resulted in p-type materials with vastly improved ZT of
0.8 at 900 K [12].
Following this, Fu et al. [10] further improved the ther-
moelectric performance by noticing subtle differences in the
calculated band structures of VFeSb and NbFeSb, which are
shown alongside the density of states in Fig. 3. The key dif-
ferences between the two compounds are the size of the
bandgap, i.e., 0.54 eV for NbFeSb and 0.34 eV for VFeSb, and
the band effective mass, i.e., 0.16 me for NbFeSb and 0.25 me
for VFeSb. Based on these facts, Fu et al. predicted that
Nb1xTixFeSb would actually perform better than
(V1xNbx)1yTiyFeSb. The improvement in ZT came primar-
ily from three sources. First, the band effective mass isreduced in the NbFeSb system, compared to that of VFeSb,
leading to large improvements in the carrier mobility. Second,
the decrease in band effective mass decreased the carrier
concentration at which the PF is maximized. The carrier
concentration achievable is limited by the solubility limit of Ti
in MFeSb, which is about 20%. The PF could be maximized
within the solubility limit of Ti by decreasing the optimal
carrier concentration. Third, the NbFeSb system has a larger
bandgap, which increases the temperature at which bipolar
contributions begin to diminish thermoelectric performance.
All three effects combined led to a large enhancement in
performance, with ZT of 1.1 at 1100 K. Soon after, it was
discovered that Hf was also an effective dopant and has the
added benefit of reducing the lattice thermal conductivity via
increased point defect scattering, compared to that of Ti. The
compound Nb0.88Hf0.12FeSn was found to have a record high
ZT of 1.5 at 1200 K [25] for p-type half-Heusler alloys. These
works on MFeSb are a good example of how band structure
predictions quickly reveal important insights, which are key in
developing new strategies for improving the TE performance
of HH alloys.
3. Creating accurate pseudo-binary phase diagrams from
first-principles
The thermoelectric efficiency of half-Heusler alloys is
dramatically raised by doping in order to optimize the carrier
concentration and by isoelectronic substitution, which can
lower the lattice thermal conductivity via mass fluctuations
[2]. In both methods, it is important to know what the solu-
bility limits of defects are inside the HH matrix. The solubility
limits of a dopant or alloy can be tested in an experimental
fashion; however such experiments are extremely tedious and
costly due to the number of experiments and precision
required to map a composition range. Also, the resultant ma-
terial invariably depends on the kinetic processes of synthesis,
which obscures the fundamental thermodynamic stability of
the phase that such experiments are attempting to determine. It
is highly desirable to have a detailed understanding of the
stable phases under thermodynamic equilibrium conditions,
Fig. 3. (a) The calculated bandstructure of VFeSb and (b) NbFeSb. The calculated density of states and partial density of states for (c) VFeSb and (d) NbFeSb.
Reproduced from Fu et al. Ref. [10] with permission from Royal Society of Chemistry.
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methods that employ DFT as the backbone for calculations
have been developed to create full thermodynamic phase di-
agrams as functions of temperature and composition in a
timely and cost effective manner.
The phase diagram of a system can be constructed by
calculating the free energy of various competing phases as a
function of composition and temperature. Systems with sub-
stitutional degrees of freedom, such as an alloy of twomaterials,
require both accurate formation energy calculations and statis-
tical mechanics techniques, which accounts for configurational
entropy, in order to calculate finite-temperature thermodynamic
properties. The cluster expansion method bridges the gap be-
tween the accurate but costly DFT formation energy calcula-
tions, and the macroscopic statistical mechanics tools, such as
the Monte Carlo simulations or mean field approximations.
The free energy of a solid, F, is given by
F ¼ kBT lnðZÞ; Z ¼
X
s
exp
Es
kBT

ð1Þwhere, Z, the partition function is determined by a sum over all
possible configurational, electronic, and vibrational states of
the solid. Here, Es is the energy of state s, kB is the Boltzmann
constant, and T is the absolute temperature. Often, in in-
vestigations of phase diagrams, the effects of vibrational and
electronic degrees of freedom are considered small and can be
neglected [26]. In this case, the sum in Eq. (1) is only over the
configurational degrees of freedom.
Consider a specific sublattice in a crystal that can be
occupied by either atom A or atom B, In this case, one needs to
know the formation energy of all possible configurations of A
and B atoms over the sublattice in order to solve for the free
energy. It has been shown that the configurational dependence
of the formation energy can be expanded in terms of collec-
tions of occupation variables [27,28], which signify if a spe-
cific site is occupied by atom A or B. A collection of
occupation variables is called a cluster and is denoted as G.
The energy of the system, or any other property that depends
on configuration, can then be expressed as an infinite series of
clusters, called a cluster expansion [27,28]. The configura-
tional energy then takes the form
Fig. 4. The formation energy per site of CoTi1xYxSb supercells with (a)
Y¼ Sc and (b) Y¼Mn. ‘þ’ denotes DFT energies and open squares are en-
ergies predicted by the cluster expansion. The x ¼ 0 and 1 materials are set as
reference energies. Black triangles represent the composition/temperature of
synthesized compounds. Reproduced from Mena et al. Ref. [30], with
permission from Springer.
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X
b
VbGb ð2Þ
where V0 and Vb are coefficients called effective cluster in-
teractions (ECI) and have a constant value. Here, the sum in
Eq. (2) is over an infinite sum of possible clusters. However,
the Vb converge to zero for clusters that involve lattice sites far
away from each other or a large numbers of sites. Therefore,
this sum can be truncated to a relatively small number of
clusters, and generally only clusters that contain pairs of sites
or triplets of sites are included.
The ECI can then be extracted by fitting Eq. (2) to calcu-
lated DFT formation energies of various configurations, where
only 50e80 separate DFT configurational energies are
required for a binary system (around 300 configurations are
required for a ternary system). Once the fit is obtained, the
energy of any configuration, no matter its size or arrangement,
can be calculated to a high accuracy using the truncated
version of Eq. (2). See Ref. [29] for a more detailed descrip-
tion of the method. The ability to predict configurational for-
mation energy can then be employed with a statistical
mechanics method that accounts for the configurational en-
tropy contributions to the free energy at a finite temperature.
To illustrate this method, let us consider potential dopants
for the thermoelectric system TiCoSb, which was examined by
Mena et al. [30]. The dopants, Y, where Y¼ Sc, V, Mn, or Fe,
are assessed by considering the full Ti1xYxCoSb pseudo-
binary system. Here, we are interested in the disorder of Ti
and Y atoms, which both tend to occupy the same face centered
cubic sublattice within the HH structure. For a given compo-
sition, x, the Ti1xYxCoSb compound can form either a solid
solution or segregate into coexisting Ti-rich and Y-rich phases.
In Fig. 4, the DFT formation energies of various configu-
rations are shown as red crosses. The energy of configurations
is plotted relative to the energy of pure TiCoSb and YCoSb.
Here, we see that compositions with 0 < x < 1 have higher
formation energy than the end states, indicating that some
degree of phase separation will occur at a finite temperature.
The blue squares represent the predicted energy of the same
configurations by the cluster expansion ECI. Mena et al. then
used the ECI in a mean field approximation that allows the
free energy to be approximated as described in Ref. [30]. The
results are the phase diagrams, as shown in Fig. 5. The solid
black lines denote the phase boundary. The outer region des-
ignates compositions/temperatures, where a solid solution
minimizes the free energy, and for the interior region, a two
phase coexistence minimizes the free energy of the system.
The grey lines represent the spinodal boundary, where the
region between the coexistence line and the spinodal is
considered metastable, and regions within the spinodal are
subject to spontaneous demixing as long as the diffusion
barriers are not sufficiently high to suppress the demixing.
Here, it is shown that a miscibility gap exists in all four dia-
grams, where Ti-rich and Y-rich phases will coexist. An
interesting trend is seen, where the Mn and Fe dopants tend to
have higher maximum temperatures of the two phase coexis-
tence region, which is denoted as the critical temperature, Tc.The critical temperatures are Tc ¼ 954, 847, 1478, and 2412
for Y¼ Sc, V, Mn, and Fe, respectively. The larger critical
temperature results from higher configurational energy of
mixed states Y¼Mn and Fe, which could simply be caused by
the fact that Mn has 3 and Fe has 4 more valence electrons
than Ti, whereas Sc has 1 less and V has 1 more.
A study by Mena et al. went a step further and experi-
mentally synthesized the materials in question in order to test
their predictions. Ti0.9Y0.1CoSb samples were made and the
resultant compounds were analyzed with X-ray diffraction as
well as backscattered electron imaging. The compounds were
arc melted and annealed at 900 C for 1 week and then were
quenched in ice-water in order to prevent diffusion as the
samples cooled down. The temperature/compositions of the
synthesized materials are marked as black triangles in Fig. 5.
The resultant microstructures of the Y¼ Sc and V samples had
large grains and showed no sign of multiple phases. However,
Fig. 5. Calculated phase diagrams of Ti1xYxCoSb where (a) Y¼ Sc, (b) Y¼V, (c) Y¼Mn, and (d) Y¼ Fe. Solid black symbols represent the coexistence line, and
grey symbols represent the spinodal line. Reproduced from Mena et al. Ref. [30] with permission from Springer.
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Ti-rich and Y-rich grains, which were in agreement with the
phase diagram predictions. These results inform us that Sc and
V will act as normal dopants (up to 10%) in the TiCoSb
matrix, whereas Mn and Fe will preferentially form secondary
phases in the material. This is a great illustration of how
calculating a phase diagram first can help identify the appro-
priate compositions of dopants before synthesizing large series
of materials.
Another system with an interesting two phase coexistence
is half-Heusler materials of composition MNiSn (i.e., M ¼ Ti,
Zr, or Hf) made with excess Ni content. Experimental in-
vestigations observed that excess Ni occupies the vacant
sublattice in the half-Heusler matrix [31e42]. Several studies
have presented convincing evidence that the excess Ni forms
into clusters making coherent nanoscale inclusions of full-
Heusler (FH) compounds with composition MNi2Sn
[32,36,37,39,40]. The nanoinclusions were found to improve
the thermoelectric properties of the material through an energy
filtering process that occurs at the boundary of the semi-
conducting HH matrix and the metallic FH nanoinclusions
[36,37]. The effect is diminished for compositions MNi1þxSn
where x  0.05, as the nanoinclusions tend to grow in size
with increased Ni content and begin to act as metallic dopants
rather than filters for high energy electrons. However, other
investigations observed that for compounds with x < 0.10, Niatoms form a randomly ordered solid solution in the HH
matrix as opposed to clustering into nanoinclusions [41,42]. In
this system, it is critical to understand the stable thermody-
namic phases in order to predict the microstructure that results
from a particular synthesis method. If nanoinclusions do
indeed form, the MNi1þxSn phase diagram can be used to
develop methods to control the growth of the nano-structures
within the HH matrix. Furthermore, if such a system is to be
of use in thermoelectric applications, the nano-structures must
be robust to thermal cycling.
The formation enthalpy of defects was examined for the
MNiSn structures. It was found that of all types of defects
studied, excess Ni results in the lowest change in formation
enthalpy [41,43e45]. Such studies are able to predict that
some degree of phase separation should occur between HH
and FH phases. A study by Page et al. explored the stable
phases of the pseudo-binary MNi1þxSn compounds using the
cluster expansion approach [46]. The resultant phase diagrams
were created by using the ECI fit within a grand canonical
Monte Carlo simulation to simulate a macroscopic system.
Fig. 6 shows the resultant phase diagram for ZrNi1þxSn. Here,
the calculations show that the miscibility gap extends above
the melting point of the HH material. The phase diagram has a
steep phase boundary on the HH side of the diagram, showing
that very little excess Ni is soluble in the HH matrix. The
calculations provide evidence that FH nanoinclusions would
Fig. 6. Temperature-concentration pseudo-binary phase diagram of ZrNi1þxSn.
The small black diamonds represent calculated points along the phase
boundary and the horizontal dashed line indicates experimental melting points
for the HH. Reproduced from Page et al. Ref. [46] with permission from the
American Physical Society.
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solubility limits do not change drastically as temperature in-
creases, in agreement with experiments.
4. Predicting new thermodynamically stable half-Heusler
alloys
Computational predictions of material properties have long
been viewed as unreliable when they pertain to materials that
have not yet been realized experimentally. Often, the calcu-
lations show highly desirable properties of materials that are
later found to not be thermodynamically stable and thus not
experimentally realizable. Using computational methods to
predict the stability of an unreported material is a difficult
task; however, it is indeed possible to make highly accurate
predictions with the computational tools available to us today.
In a work by Gautier et al. [47], a large computational search
for stable compounds of the ABX structure with a total of 18
valence electrons was performed. The ABX structure, where X
is a group X element (i.e., Ni, Pb, Pt) or a group IX element
(i.e., Co, Rh, Ir), and A and B are other elements selected such
that ABX has a total of 18 valence electrons, and is found to
form in many different crystal structures. However, a large
fraction of known ABX compounds form in the half-Heusler
structure. Of the 483 possible compounds in this family,
only 83 had been synthesized so far. The study designed
rigorous criteria for theoretically assessing the stability of a
compound, and applied it to all 483 compounds. The stable
phase of a given ABX compound is found through a three step
process.
Step 1: the lowest energy crystal structure is determined by
calculating the formation energy of 41 prototype structures
that ABX structures are known to form in. The search is
then expanded to combinations of the 41 structures calcu-
lated by use of a genetic algorithm (see supplementary
materials of [47]), as shown in Fig. 7(a).
Step 2: The lowest energy structure is then tested for dy-
namic stability by calculating the phonon dispersion curvesusing density functional perturbation theory (DFPT) and
identifying any imaginary phonon modes.
Step 3: The formation enthalpy, DHf, of the lowest energy
structure is then compared to that of competing binary and
ternary phases. The competing phases considered are made
up of an extensive list of known stable phases and unknown
potential phases that would compete for existence with the
structure in question. The list of unknown potential phases
is created by making isovalent component swaps of known
phases. The formation enthalpies of competing phases are
used to construct a convex hull, C (XABX), where the
thermodynamic stability of the ABX structure in question is
assessed by its distance to the convex hull, DHfeC (XABX),
as shown in Fig. 7(b).
Using these criteria for thermodynamic stability, Gautier
et al. correctly predicted all 84 previously reported compounds
as stable, and identified 54 unreported compounds as stable.
Of the 54 predicted stable compounds, 30 compounds are
predicted to form in the half-Heusler structure type. Fig. 8
shows some of the work predictions, where check marks
indicate a reported stable compound, “þ” represents unre-
ported compounds predicted to be stable by this work, and “e”
indicates unreported compounds predicted to be unstable by
this work.
In order to test the predictions, 15 compounds were chosen
and synthesized. The synthesis was carried out by mixing
stoichiometric amounts of elemental powder, arc melting, and
annealing. The results are a testament to the accuracy of their
predictions; all 15 compounds synthesized were observed to
form in the predicted crystal structure and the lattice param-
eters typically only deviated from the calculated values by
1e2%. Of the synthesized compounds, an interesting trend
arises with respect to the compound's distance from the convex
hull. Compounds with a magnitude of DHfeC (XABX) that is
less than 0.13 eV atom1 generally form as a multiphase
material, where the X-ray diffraction patterns show the pres-
ence of the competing phases as well as the targeted com-
pound. Compounds that are further than 0.13 eV atom1 away
from the convex hull tend to form as a single phase, as shown
in Fig. 9. Furthermore, their presence can be more easily
identified in multiphase materials that are made up of known
or unknown secondary phases by predicting the crystal
structure of previously unreported compounds.
Gautier et al. showed that the experimental discovery of
new functional materials is made vastly more efficient by first
determining the theoretical thermodynamic stability via
first-principles. After determining what compounds are likely
to form, it is possible to predict electronic and vibrational
properties of the compound using DFT to further narrow down
the candidate materials with a certain desired functionality,
such as thermoelectric power generation.
Of particular interest to readers are the compounds ZrNiPb,
ZrPdPb, and HfNiPb, which are all predicted to be stable.
Furthermore, the calculated electronic band structures show
them to have bandgaps less than 0.5 eV, making them possible
thermoelectric candidates.
Fig. 7. (a) Genetic algorithm structure search as a function of generation. (b) Discrete calculation of total formation energy from candidate structures as well as
competing phases. (c) A schematic depiction of the convex hull of a binary system A-X. Reproduced from Gautier et al. Ref. [47], with permission from Nature
Publishing Group.
Fig. 8. Selected groups of elements with a total of 18 valence electrons. A check mark indicates that the compound was experimentally verified as forming in a
single phase, ‘þ’ symbols indicate the compound is predicted to be stable, ‘’ symbols indicate that compound is predicted to be unstable. Purple marks indicate
the compound forms in the half-Heusler structure. Reproduced from Gautier et al. Ref. [47], with permission from Nature Publishing Group.
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in a single phase. Its electronic properties were measured at
room temperature and a power factor of 5.2 mW cm1 K2
was found, which is comparable to that of undoped ZrNiSn at
room temperature. This material shows a great promise as a
new thermoelectric material and also has a potential to be
alloyed with ZrNiSn as a means of lowering thermal con-
ductivity. Further experimental work is required to understandthe full potential of ZrNiPb, HfNiPb, and ZrPdPb as thermo-
electric materials.
The criteria developed here for the ABX compounds with
18 total valence electrons can be applied to other carefully
chosen systems. Such a system should have a small variety of
potential crystal structures, or perhaps a large variety of very
simple crystal structures. In the ABX system, 41 different
crystal structures were taken into account during Step 1, and
Fig. 9. Compositions that were synthesized are plotted versus average atomic
number and DHfeC (XABX). The solid symbols show the compound was made
in a single phase, whereas open symbols show it was formed in a multiphase.
Squares represent the half-Heusler structure and triangles represent the
orthorhombic MgSrSi-type. The dashed line is a sketch of a division at DHfeC
(XABX) ¼ 0.13 eV, between the single phase and multiphase forming com-
pounds. Adapted from Gautier et al. Ref. [47].
112 A. Page et al. / J Materiomics 2 (2016) 104e113this proved sufficient. Classes of materials with large and
complicated unit cells would not be well suited for this
approach, as the number of calculations necessary to find the
lowest energy structure would be too computationally expen-
sive and time consuming. Also, crystal systems prone to phase
changes at high temperatures, such as the copper chalcogen-
ides, would not fit well with this technique. The method finds
the most stable structure at zero temperature rather than the
high temperature phase, which is of interest.
5. Conclusions
Half-Heusler alloys are a vital group of materials in the
field of thermoelectrics. First-principles calculations have
been used from early on to understand these materials. Simple
band structure calculations helped elucidate the importance of
the 8- and 18-valence electron counts in creating stable
semiconductors from HH alloys. Band structure calculations
also gave insight and directed researchers to finding the
important NbFeSb compound, which is among the highest ZT
of p-type HH.
The cluster expansion method continues to grow in popu-
larity. Its ability to create accurate phase diagrams of disordered
alloys has so far been used to explain the p-type Ti1xYxCoSb
(Y¼ Sc, V, Mn, Fe) and n-type MNi1þxSn (M ¼ Ti, Zr, Hf)
systems. In both systems, it was desired to know what the
resulting microstructure would be and if it should be truly ther-
modynamically stable or only a metastable state, which the
calculated phase diagrams were able to answer. This technique
would be useful to apply to many more systems, however it is
difficult to implement and no open source code existed so far.
Finally, rigorously predicting the phase stability of unknown
compounds is shown to be highly effective at finding new real-
izable compounds in the HH family. The discovered compoundsof ZrNiPb, ZrPdPb, andHfNiPb are good examples of benefits of
first-principles exploratory research. It is possible that discov-
ering new HHmaterials will pave the way to achieving a ZT > 2
sometime in the near future.
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